Inducible gene expression systems are very useful to analyze cellular processes. The ability to switch the expression state of genes of interest may even be crucial if essential traits or genetic instability are involved. An integrative plasmid, pTEX2, was designed using the (anhydro)tetracycline-inducible promoter P xyl/tet from staphylococcal plasmid pRAB11 to control gene expression in Streptococcus pneumoniae. The system was evaluated by expressing genes of the two-component regulatory system ciaRH of S. pneumoniae. With full induction of P xyl/tet , wild-type levels of the response regulator CiaR were obtained, while the uninduced basal expression was low. Hyperactive variants of the kinase gene ciaH normally causing pronounced genetic instability could be handled without any problems upon cloning into pTEX2. Therefore, the expression system is well suited to express physiological levels of proteins in S. pneumoniae and also to aid regulatory studies.
INTRODUCTION
The human pathogen Streptococcus pneumoniae is well known for its ability to take up external DNA and to undergo genetic transformation (Johnston et al. 2014; Straume, Stamsas and Håvarstein 2015) . Consequently, S. pneumoniae is easily accessible to genetic manipulations in the laboratory greatly facilitating the analysis of its physiology and regulation. Molecular tools for gene inactivations (Claverys et al. 1995; Sung et al. 2001; Weng, Biswas and Morrison 2009) , reporter constructs to analyze gene regulation (Halfmann, Hakenbeck and Brückner 2007; Schnorpfeil et al. 2013) and inducible gene expression systems are of outstanding importance (Guiral et al. 2006; Kloosterman et al. 2006) . Especially the analysis of essential genes is virtually impossible without the use of tightly controlled promoters (Chan et al. 2003; Berg et al. 2011; Peters et al. 2014) . A number of systems have been established for S. pneumoniae using a variety of inducing molecules such as sugars (Chan et al. 2003; Guiral et al. 2006; Sorg, Kuipers and Veening 2015) , peptides (Kloosterman et al. 2006; Berg et al. 2011) , zinc (Eberhardt et al. 2009 ) and tetracycline (Stieger et al. 1999) .
The two-component regulatory system CiaRH is a pleiotropic control device involved in competence regulation (Cassone et al. 2012; Schnorpfeil et al. 2013; Laux et al. 2015) , maintenance of cell integrity (Dagkessamanskaia et al. 2004; Mascher et al. 2006) , bacteriocin production (Kochan and Dawid 2013) and in vivo biofilm formation (Blanchette-Cain et al. 2013) . In addition, hyperactivation of the response regulator CiaR by mutations in the kinase-encoding gene ciaH leads to enhanced ß-lactamresistance . Due to the concomitant loss of transformability and slow growth of these mutant strains, their genetic manipulation proved to be difficult. Mutations were frequently obtained in ciaR or ciaH reverting hyperactivation of CiaR . Therefore, conditional expression of the mutated kinase genes would be helpful to analyze their function. In this communication, an integrative tetracyclinecontrolled expression system (tet-system) is described, which can help to circumvent such problems in gene expression analysis. We applied this tightly repressible and likewise wellinducible system to analyze CiaR-mediated gene regulation.
MATERIALS AND METHODS

Bacterial strains, plasmids, growth conditions and transformation
S. pneumoniae strains in this study are derivatives of S. pneumoniae R6 (Ottolenghi and Hotchkiss 1962) and are listed in Table 1 . The promoter probe plasmid pPP2 containing the htrA promoter was described previously , as well as integration plasmid pSW1 (Denapaite and Hakenbeck 2011) . S. pneumoniae strains were grown in liquid culture at 37
• C without aeration in C+Y medium or in brain heart infusion (BHI) medium, and on D-blood agar as described ). An amount of 15 μg/ml trimethoprim was used to select integration of pTEX2 plasmids into S. pneumoniae. Plasmids were multiplied in Escherichia coli DH5α (Yanisch-Perron, Vieira and Messing 1985) . E. coli strains were grown in LB medium. Transformations of S. pneumoniae were performed with cultures grown in C+Y medium without the addition of competence-stimulating peptide as described . Transformation of E. coli followed standard procedures.
Cloning of the xyl/tet promoter including tetR to the promoter probe plasmid pPP2
In order to test if the xyl/tet promoter of pRAB11 (Helle et al. 2011 ) is regulated in a tetracycline-dependent manner also in S. pneumoniae, it was moved along with tetR into the integrative promoter probe plasmid pPP2 . A part of that plasmid containing E. coli lacZ is able to integrate into the endogenous ß-galactosidase bgaA abolishing background activity ).An SphI-BglII fragment of pRAB11 was cloned into pPP2 to yield pPPtet. Recombinant plasmids were sequenced and one correct plasmid was used to transform S. pneumoniae R6. The resulting strain RKL580 (bgaA::tetMtetR-P xyl/tet -lacZ; Table 1 ) was then cultivated with or without ATc to determine repression and induction capacity by ATc via ß-galactosidase activity measurements.
Construction of the tetracycline-inducible expression plasmid pTEX2
Since P xyl/tet was efficiently controllable by ATc, an expression plasmid should be constructed, which is able to integrate into the genome of S. pneumoniae to yield a strain stably maintaining the expression device. The integrative plasmid pSW1 (Denapaite and Hakenbeck 2011; Schnorpfeil et al. 2013 ) was chosen as the backbone for these constructions. The integrative part is stably maintained in the genome of S. pneumoniae and no further selection is needed. To keep the KpnI restriction site of pSW1 for cloning, the unique KpnI site of pRAB11 was removed by inverse PCR using primers pRAB mut fwd and pRAB mut rev. Obtained plasmids were sequenced and one correct plasmid, pRAB Kpn, was then used to move a SalI-BglII fragment containing tetR and P xyl/tet to pSW1. Correct cloning was verified by sequencing. An XbaI restriction site in this plasmid pTEX1 was removed by inverse PCR with overlapping primers pTEXdelXbaI-F and pTEX-delXbaI-R (Table 2) by changing TCT to TCA. This mutation kept the XbaI site in the resulting plasmid pTEX2 unique for cloning (Fig. 2) . In that plasmid, four restriction sites for XbaI, SmaI, KpnI and NheI, respectively, are located downstream of the ATc-controllable promoter P xyl/tet and are available for insertion of genes to be inducibly expressed. The nucleotide sequence of pTEX2 is available from GenBank (BankIt1970939 pTEX2 KY242357).
Cloning of ciaR and ciaH into pTEX2
The ciaR gene was amplified using primers CiaR-Xba and CiaRKpn (Table 2 ) and chromosomal R6 DNA as template and cloned as a KpnI-XbaI fragment into pTEX2 to yield pTEXciaR. Correct insertion was checked by sequencing. The plasmid was integrated into a strain with inactivated ciaRH (RKL594) to yield RKL582 (Table 1) .
The ciaH(wt) gene was cloned including a truncated ciaR gene to maintain original translation initiation signals. Both genes ciaR and ciaH overlap by 17 nt including the ciaR stop codon (Mascher et al. 2003) . The last 20 codons of ciaR were fused to the first two resulting in a ciaR gene of 69 bp, which obviously does not produce a functional regulator but should ensure proper translation of the following ciaH. This ciaR69 in front of-ciaH was created by a long primer (pTEXMMXbaI) and the downstream primer CiaH-Kpn (Table 2) to yield the ciaR69-ciaH(wt) fragment. After cloning into pTEX2 by XbaI-KpnI restriction and ligation, the resulting plasmid was designated pTEXciaH. The ciaH773 was cloned using the same primers to yield pTEXciaH773. A ciaH allele, termed ciaH202, is known to confer hyperactivation of CiaR and was cloned using a strain with a truncated ciaR gene (ciaR108) in front and the primers CiaR-Xba and CiaH-Kpn (Table 2 ). The resulting plasmid was called pTEXciaH202.
The ciaH-containing pTEX2 derivatives were introduced in a ciaH-deficient strain containing an integrated P htrA -lacZ fusion in bgaA (Halfmann et al. 2011) to yield strain RKL974 (pTEXciaH), RKL1012 (pTEXciaH773) and RKL559 (pTEXciaH202), respectively ( Table 1) .
Induction of gene expression by anhydrotetracycline
Full induction of gene expression was achieved by adding 100 ng anhydrotetracycline (ATc) per ml at the beginning of growth. Higher concentrations had no effect in liquid cultures during our experiments. Gradual induction of the promoter could be achieved by adding less ATc (Fig. 1A ). Cultures were inoculated from glycerol stocks grown in the same medium to an OD 600 of 0.7 by a 1:100 dilution. Early induction was chosen to be able to block competence by the hyperactive ciaH alleles, since competence is induced very early in growth. However, ATc may be added at later stages of exponential growth phase. As an example, 100 ng ATc/ml was added to a culture of OD 600 of 0.4 and a fast increase of promoter activity is observed (Fig. 1B) . This experiment was stopped after 90 min of induction, since the culture started to enter stationary phase. We did not test induction during stationary phase. No influence on growth of liquid cultures was detected using ATc in the range described here. Even the addition of 1 μgATc/ml had no effect.
One of the phenotypes associated with hyperactive CiaH kinases is enhanced ß-lactam resistance. To determine minimal inhibitory concentrations by spotting diluted cultures onto ß-lactam antibiotic containing blood agar plates (Schnorpfeil et al. 2013) , induction of ciaH expression had to be maintained on the agar plates. The concentration used for full induction in liquid culture (100 ng/ml) was not sufficient in this case. Uptake of ATc appears to be less efficient than in liquid culture. Measurements of P htrA -mediated ß-galactosidase expression in cells grown on D-blood agar plates indicated that 400-500 ng ATc/ml is required to achieve full induction. Routinely, 500 ng ATc/ml was applied in agar plates to maintain maximal expression.
Determination of β-galactosidase activity
Determination of ß-galactosidase activity in strains carrying CiaR-controlled promoters in front of a promoterless E. coli lacZ gene was performed as described previously Halfmann et al. 2011) . Cultures were grown in C+Y or BHI medium, and specific ß-galactosidase activities are expressed as nanomoles of nitrophenol released per minute and milligram of cellular protein.
Immunological detection of CiaR
The detection of CiaR expression followed standard procedures for SDS-PAGE and western blotting. To detect CiaR production in response to ATc induction, the cells were grown in C+Y medium to an OD at 600 nm of 0.8. An amount of 1.5 ml was centrifuged and the pellet was resuspended in 30 μl 20 mM sodium phosphate buffer, pH 7.2 containing 0.2% triton X-100 to induce lysis. Twelve microliters of the lysed cells were subsequently separated on 12.5% gels and transferred to PVDF membranes. Antiserum against CiaR was obtained from rabbits using purified His-tagged CiaR protein . The antiserum was diluted 1:5000. Antibodies bound to CiaR were detected by secondary mouse anti-rabbit antibodies coupled with alkaline phosphatase and BCIP/NBT as substrate to develop a color reaction on the membrane. Figure 1 . Inducibility of the P xyl/tet promoter by ATc. (A) Dose-dependent promoter activation. Promoter activity was determined by measuring ß-galactosidase activity expressed from a transcriptional P xyl/tet promoter lacZ fusion integrated into the genome of S. pneumoniae R6. The strain RKL580 (bgaA::tetM-tetR-P xyl/tet -lacZ) was grown in C+Y medium to an OD600 of 0.8, which is within logarithmic growth and was reached after about 220 min. Values of at least three independent cultures are shown along with standard deviations. The concentration of ATc added to the cultures is indicated. ß-Galactosidase units are expressed as nanomoles of nitrophenol released per min and mg of protein. (B) Time course of induction. The same strain as in Fig. 1A , RKL580 (bgaA::tetM-tetR-P xyl/tet -lacZ), was grown in C+Y medium to an OD600 of 0.4, and 100 ng ATc/ml was added. ß-Galactosidase activities were determined every 10 min up to 90 min after induction. Values of two independent cultures are shown along with standard deviations. The ß-galactosidase activity without induction was about 1 U. ß-Galactosidase units are expressed as nanomoles of nitrophenol released per minute and milligram of protein.
RESULTS
Gene expression mediated by the promoter P xyl/tet from staphylococcal plasmid pRAB11 in Streptococcus pneumoniae
Although gene expression is governed by canonical signals, variable strength of these signals is observed in different organisms (Voskuil and Chambliss 1998; Camacho and Salas 1999) , and efficient expression and control devices from one organism may not function properly in another (Terpe 2006) . Gene control systems based on the tetracycline repressor TetR (tetregulatory systems) are broadly applied in molecular genetics in a variety of prokaryotic organisms (Bertram and Hillen 2008) . A TetR-controlled, plasmid-based expression module with improved regulatory capacity has been developed for Staphylococcus aureus (Helle et al. 2011 ), and we aimed at investigating whether it might also function in S. pneumoniae. Therefore, the control module contained on plasmid pRAB11, developed by Helle et al. (2011) , was tested for its performance in S. pneumoniae. The inducible P xyl/tet promoter along with the repressor gene tetR was cloned into pPP2 as described in Materials and Methods.
As shown in Fig. 1A , the P xyl/tet promoter driving lacZ expression is strongly inducible by ATc, a tetracycline derivative with reduced antibacterial activity, but high affinity for the Tet repressor (Sompolinsky and Krausz 1973; Degenkolb et al. 1991) . In the absence of ATc, ß-galactosidase activity is hardly measurable indicating tight transcriptional control. Addition of as few as 5 ng ATc/ml led to a detectable expression, and at 100 ng/ml of ATc, full induction was achieved (Fig. 1A) . In these experiments, promoter activity increased upon ATc addition by at least three orders of magnitude.
The response to ATc is not only strong, but also fast. In  Fig. 1B , the time course of P xyl/tet promoter induction is shown after addition of 100 ng ATc/ml to a growing S. pneumoniae culture (OD 600 of 0.4). An increase of promoter activity of about 10-fold is already detected after 10 min of growth. Within one generation (doubling time 35-40 min), promoter activity raised about 100-to 150-fold. It reached a 200-fold induction after 1 hour. Therefore, a substantial increase in gene expression is achieved within a relatively short period of ATc treatment. The results of these experiments clearly show that the P xyl/tet promoter is well suited to construct an inducible expression system in S. pneumoniae.
Inducible expression of the response regulator gene ciaR
Since the final goal was to develop a single-copy integrational expression system, with genetic stability characteristics superior to a plasmid-based system, the ATc-inducible P xyl/tet and tetR were integrated into pSW1 to yield pTEX2 (Fig. 2) as described in Materials and Methods. The plasmid is replicative in Escherichia coli, and the expression module is able to integrate into the genome of S. pneumoniae. As a first test for its applicability, the gene encoding the response regulator CiaR was used. The resulting expression plasmid pTEXciaR was transferred to an S. pneumoniae strain with inactivated CiaRH system (ciaR '-aad9-'ciaH) , and expression of ciaR was induced by ATc and compared to CiaR production in the wild-type strain R6. As shown in Fig. 3 , CiaR is detected already with 5 ng/ml ATc corroborating previous promoter probe measurements (Fig. 1A) . Without induction, CiaR could not be detected. With 100 ng/ml of ATc, the level of CiaR production in the wild-type strain was reached. Higher expression by raising the ATc concentration could not be achieved (data not shown), again consistent with previous observations. Since CiaR is produced at intermediate levels in the wild type, strong overproduction of proteins may not be achievable by pTEX2. However, physiologically relevant protein expression levels are easily reached, and the tet system is thus well suited to aid regulatory studies.
Inducible expression of a novel variant of the ciaH histidine kinase gene
Working with strains harboring a hyperactive CiaRH system is cumbersome, because pseudorevertants abolishing hyperactivation frequently appear Marx, Meiers and Brückner 2015) . On the other hand, hyperactivation of the system is required for enhanced ß-lactam resistance, one of the prominent phenotypes associated with CiaRH (Schnorpfeil et al. 2013) . Hyperactivation of CiaRH is mainly caused by mutations Figure 2 . Genetic map of the integrative expression plasmid pTEX2. The plasmid replicates in E. coli and is able to integrate into S. pneumoniae by homologous recombination downstream of bgaA via 'bgaA and spr0566, spr0567 and 'spr0568 (shown in gray). The trimethoprim resistance gene tmp is used to select integration into S. pneumoniae and the ß-lactamase gene bla for selection after transformation of E. coli. The multiple cloning site including P xyl / tet and PtetR promoters is shown, and the TetR operators tetO1a and tetO1b as well as the transcriptional start of P xyl / te t («) are indicated. Promoter elements are underlined. Figure 3 . Western blot analysis of CiaR production. Cell extracts of the S. pneumoniae R6 wild-type strain and the ciaRH-deficient mutant RKL582 harboring integrated P xyl / tet -ciaR were separated by 12.5% SDS-PAGE. CiaR was detected using rabbit antiserum raised against purified 6xHis-CiaR. Cells were grown in C+Y medium until OD600 of 0.8 and the concentrations of ATc indicated below the western blot were given at the start of growth.
in the ciaH kinase gene and silencing expression of the respective ciaH variants would therefore be beneficial for genetic manipulations. Subsequently, induction of ciaH expression could be used to detect phenotypes associated with hyperactive CiaRH.
During experiments aimed at transferring ß-lactam resistance genes from S. oralis to S. pneumoniae R6 (Todorova et al. 2015) , a spontaneous R6 mutant was obtained which showed a 2-fold increased resistance to different ß-lactam antibiotics. The activity of a P htrA -lacZ promoter fusion was used as an indication for CiaR activity. This promoter is strongly dependent on CiaR. Two ciaH alleles were expressed under P xyl / tet control in ciaH-deficient strains harboring the P htrA promoter fusion. Expression of the wild-type ciaH served as control. The strains were RKL974 expressing ciaH wt, RKL1012 ciaH773, and RKL559 ciaH202. Strains were grown in C+Y medium to an OD600 of 0. Whole-genome sequencing revealed a novel mutation in the histidine kinase gene ciaH. In this allele, ciaH773, a C to A transversion occurred at position 773 of the gene resulting in a replacement of alanine by glutamic acid at residue 258 of the protein.
The altered residue is located towards the end of the dimerization and histidine phosphotransfer domain (Gao and Stock 2009) . The implication of this ciaH allele in enhanced ß-lactam resistance suggested that it may also represent a CiaH kinase conferring hyperactivation of CiaR. To test this, ciaH773 was cloned into pTEX2, and the resulting plasmid pTEXciaH773 was integrated into a CiaH-deficient S. pneumoniae strain harboring a P htrA -lacZ promoter fusion derived from pPP2htrA ). The promoter P htrA of the htrA protease gene is activated by CiaR, and therefore strongly dependent on a functional response regulator . Expression of P htrA -lacZ is therefore indicative of the activation state of CiaR.
The influence of ATc-induced expression of ciaH773 on P htrA activity was subsequently measured along with controls of inducible expression of wild-type ciaH and ciaH202, known to hyperactivate the system . The P htrA promoter is strongly activated in the presence of ciaH773 (Fig. 4) . Its activation is virtually indistinguishable from activation by ciaH202. Induction of the wild-type kinase did not enhance promoter activity, consistent with previous observations that CiaH acts as a weak phosphatase rather than a kinase under these growth conditions (Halfmann et al. 2011; Marx, Meiers and Brückner 2015) . In conclusion, ciaH773 is encoding another variant of CiaH leading to hyperactivation of CiaR.
Consequently, phenotypic characterizations of the ciaH773 expressing strain demonstrated the phenotypes associated with a hyperactive CiaRH system: block of transformation and enhanced ß-lactam resistance (Schnorpfeil et al. 2013) . The minimal inhibitory concentration of cefotaxime, which is 0.02 μg/ml for the wild type, raised to 0.035 μg/ml upon ciaH773 or ciaH202 induction, the same value obtained with ciaH202 expressed from its authentic promoter in the ciaRH operon (Schnorpfeil et al. 2013) .
In strains harboring ciaH773 and ciaH202, a non-induced P htrA promoter activity of about 500 U was detectable (Fig. 4) , which is 1.7-fold higher than in a strain without CiaH (300 U). This increase in P htrA promoter activity is an indication of some leakiness of the ATc-controlled P xyl/tet promoter. Considering the strong activation of P htrA by the mutant kinases, background activity of P xyl/tet is indeed rather low.
Efficient and fast inducibility, low background activity, and the ease of handling of problematic genes render pTEX2 a versatile tool for controlled gene expression in S. pneumoniae.
DISCUSSION
The tet-inducible expression module from staphylococcal plasmid pRAB11 (Helle et al. 2011) has been successfully transferred to the genome of Streptococcus pneumoniae R6. Here, the P xyl/tet promoter was found to be inducible about thousandfold (Fig. 1) , and the basal level of its transcriptional activity without induction was observed to be low (Figs 3 and 4) . Expression control could be achieved in different liquid growth media, and also on agar plates. Therefore, induction by ATc appears to be more versatile compared to sugar-, zinc-, or peptide-inducible systems (Eberhardt et al. 2009; Berg et al. 2011; Sorg, Kuipers and Veening 2015) . Stimulation of gene expression by sugars is heavily influenced by carbon catabolite repression (Brückner and Titgemeyer 2002) , especially in fermentative organisms such as S. pneumoniae. The intrinsic level of Zinc may vary considerably in complex media, and peptides may be proteolytically attacked under certain conditions. Moreover, the addition of very low amounts of the non-toxic ATc has no physiological consequences.
In conclusion, the tet-inducible expression system for S. pneumoniae described in this communication allows production of proteins at physiological levels, controls cloned genes tightly and is well suited to be applied in gene regulation studies in S. pneumoniae.
